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SOVENT FFECTS ON EMISSION YIELD AND LIFETIM FOR COUKARIN

LAME DYES. REQUIRMETS FOR A ROTATORY DECAY MECHANISM

Guilford Jones, II,* Villim R. Jackson, and Chol-yoo Choi

Department of Chemistry. Boston University, Boston MA 022_

William R. Ber=-rk

Department of Chemistry, Ithaca College. Ithaca NY 14850 ,
A 1-i I_: Iv

Abstract

Photopbysioal parmeters have been deteraimd for counarin laser dyes

in a variety of organic solvents and including water and mized media. Tbe

response of fluoresoenoe mission yields and lifetime to changes In sol-

vent polarity us a sensitive function of substitution pattern for the

ooomarins. Most important were substituent Influences which resulted in

larger excited state dipole moments (for the fluorescent state). in roes-

tritions of rotatory notion for the mIne group at the 7-position, and the

dloclisation of excitation energ way from the ooimarin moiety. For

dyes displaying sharp reductions in mission yield and lifetim with

increased solvent polarity, protio edia and partioularly water were most

effective in Inhibiting fluoresconoe although douterium isotope effects

(IO/D.O) on photophysioal parmeoters were mininml. The teamperature depen-

,' ) , '--." .j..-. --....... ,,....................,....•.'.........-..-.'....,
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dense of emiisa~on yield and lifetim was measured for two sol vent sensitive

dyes In acetonitrile and in a highly viscous solvent, glycerol. The

qunhng of oomesrin fluorescence by oxygen for dyes with lifetime > 2 os

was als observed. The damiuint Photophysioal features for oouinarin dyes

are discussed In terns of emission from an intramolecular charge-transfer

(ICT) excited state and an Important non-radiative decay path involving

rotation of the smins functionality (7-position) leading to a twisted

intromoleoular CT stat. (TICT). 7 his previously proposed non-radiative

decay path Is a subtle function of ooumarin structure, solvent polarity and

viscosity, and temperature, and is most sensitive to substituent patterns

which localize excitation at the 7-emmao group and which stabilize charge

In the twisted switterlonic (TICT) intermediate. The role of excited state

bond orders involving the rotating group In determining the Importance of

interconversions of the types ICT + TICT, is discussed.

It has been known for sm tim that the yield of fluorescence eam-

sion for 7-mmincooumarins (e.g., J, - iL), the important class of lasr dyes

for the wbLue-greem region, depends critically on the pattern of substitu-

tion about the mI= function.'L 2 A similar trend ascribed to a

acmr-radiative decay process observed for structures displaying an unres-

trieted maine miety (e.g. 4 and 1, as compared to I and 1) Mas been also

found for ogzine'* rhoduamne," and xantheme lasr dyes.' Based on meas-

urements of fluorescence yield and lifetime for ooumarins of varied

structure in solvents representing'a wide range of polarity, a model of
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momD-radtiveLT decay Was proposd"' Which eMPLOYS a planar highly missive

intrmoleCUlar charge transfer (ICT) excited state capable of decay to a

momr-fluorescent twisted CT state (depicted simply below in term or reso-

znnee forms, IC? + TICT).

The modes of formation and decay cf highly polar exci ted state

structures have received much recent attention.' The proposals concerning

the rather large tinily of fascinating interconversions of the type, IC? +

TIC?, followed an early suggestion by Rotkiewicz, et al.,* and have been

developed quite thoroughly by Grabowski, et. al.."~ Rettig," 1  and

Lippert. 1 ' A variety of structures displaying IC? excited state properties

have am been investigated. including the legendary

-. I-diuethYlnIAobeWnoItrIle (MMA) -' A battery of theoretical and

exPerINGtal, probes of stlructure-reactivity..201  including pa

tImse-resolved i and electrooptic emissiom measuremets, 1 ' have been

deployed.

The ICT-TICT rotatory decay model is reminiscent of a number of Impor-

tat photophysical Phenomena which have been identified in the last decade,

having to do with (1) 1free rotorsO as focal points for non-radiatie deac-

tivatioas" (2) the adden polarisation" of excited spae £ and (3) the

effects of drastic bond-order alteration on exitation.3" The ratifications

of mon-radiative decay for polar excited states, and substituent and sol-

vent effects thereon are quite broad and emoomipass issues concerning dye

lase operation, s the behavior at fluorescence probes,"' 1S stereomutation

of Opuab-pull" stilbenes, polyemes, and rhodoPsin," the light fastness of

#eig agents, 2 the effectiveness of photographic sensitizers." and the
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developmeat of molecular sitching devices for optical data atcrage."'

In the present paper, we report awe fully on our study of solvent

effects on photophysial properties for the coumarins. In partioular, we

note that rotatory non-radiative decay. although Important for a amber of

dyes In the most polar media, Is not pervasive for the series and is In

fact mitigated by a amber of subtle structural influences and solvent

effects which have been identified. This study is one of a series concern-

ing oomarin dyes which includes investigation of mechanisms of

photoohemical degradation s" bimolecular excited state quenching and *leo-

tron transfer reactions." and behavior of dyes in amphiphilio nedia.26

Results

~An M A, a afna ma aa. ts . lbotopbysi ca

properties of selected dyes are shown In Table 1, Including fluorescence

lifetimes measured by photon counting techniques as reported previoualy."1'

The spectral data include the following important features: (1) alight red

shifts of absorption with Increasing solvent polarity which correlate' with

the solvent pasmeter, w*** a measure of solvent polarity-polarizability;" s

(2) e dramatio reductions In emission frequency, again a mooth function

of xe and, the hydrogen bonding parmeter, a. 0 (other solvent Indexes have

beon orrelated8 '); (3) a general broadening of the emission band In more

polar and protio media (e.g., bandwidths, NMat for I of 2.9 and 3.1 kK for

qclcbezsm and water, respectively) and (4) extinction coefficients which

ramp for most dyes between 1.000 and 22,000 - ' am- ' with exoeptional

-~ y -V*- ~ *~w' ~ *~:~. ~ ~ % '% .*..*..%* **** -** * t,
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abserpton streM noted for I and I (s - 55,000-70.000 I(- amsL) (no

drtmatic trends In aa a function of solvent for either group).

For the first ero-es of dyes, values of emission yield and lifetime

appropriate for argon purged amples were obtained (note details concerning

the procedures and the lportanoe of oxygen quenohing in the Experimntal

Section), and the trends In photophysioal parmeters as a function of sol-

vent are as follows. Couarins , and 2 appear most susceptible to changes

in solvent polarity in ters of emission yield and lifeti me. Vith the

addition of protle solvents and especially water these normally robust dyes

en be rendered weakly fluorescent. For the homlogous series, 1, 1 and 2,

a regular trend having to do with the nature of substituents at the

geoetrioally unrestricted mino group Is developed. For dyes - I exhi-

biting the emin funtion which is Lncapable of substantial rotation with

respect to the ooumarin aromatic ring, yields and lifet mes are altered

somewbat In mare polar nedia but the effeots are such reduced ompared to

the 1free rotor* dy e where as cloes to direct comparisons can be made.

he effect on emission properties of a polar but viscous solvent was

evaluated. In glycerol a very large protic solvent red-shift was observed,

but the extent of excited state stabilization (emission frequencies near

that of water) did not translate Into the sharp reduction in emission yield

and lifetime found for the less viscous alcohol and water edia. Hst

noticeable was the continuation of reduction in fluorescence yield (ethanol

/uter to glycerol) for dyes with more rigLd structures (I and 1) omapared

to the restoration of emission yield and lifetine for dyes with a flexible

sminse substitueant (I and 1).
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Vith saee Indication of a viscosity dependence on fluorescenoe yield,

camparisons ver made of eission Intensity for 50:50 ethanol/methanol

solutions at room teperature and in a glass of the sle solvent at 77 K.

She Intensity ratios were as follows: 1/4, 0.15 (rT). 0Jo (77 K); 1 /,

0.12 (IT), 1.07 (77 K) (i.e., the non-radiative decay mohasim for I which

is apparently unavailable to I and I can be elnlneted at 77 K in a glassy

solvent).

Following completion of this Initial profile of solvent dependences,

other classes of ooumain structures were Inspected. For this series, A -

JU lifetimes were detemined by a technique which depended on the diffu-

sio controlled quenching of dye fluorescence by X, -dimethylanlin (me

xperimeatal Section). bission yield and lifetm data are reported for

air saturated snples (Table 2). The ieportant result Is that the changes

so noticeable for the dyes (Table 1) with unrestricted dialkyliLne fune-

tionslity are absent In these related classes of dyes where either a

deloaslizing subtituent is present at position-$ or where the substituent

pattern about the min fumotion Is altered.

gsing felliar relationships shown belo, rate constants were calou-

lated (Table 8) for radiative, kf, and non-radiative knd, decay for dyes

In which both yield and lifetme values were available.

kf -f/ rfkfd "(1 OW)ITf

2EEA Am atn lozam zXLMl sam UU~MaU.

lhotcftsoal properties for wfree rotor" dyes and a rigid systen were

evaluated as a frmetion of teperature, with results shown in Table 4. For

* .:* *q~ ~- ~ & ~~&j~...,: :~c*M:-::



page7

AL lifetimes had been previously measured* and rate constants obtained

dieatly. AssimnL a common value of 1.5 x 10s s-1 for kf, similar data

aould be generated for a. Plots ot in kd va l/T were linear (r - 0.99) and

yLelded fr 1 (in glycerol) Arrhenius parameters, A - 6 z 101 8-1 and E. -

4.9 Mal/mol and for I (in acetoanitrile), A - 1 z 10"1 s-1 and E. - 2.4

koalluol.

Eaa4 M~1a6 IM arrec& at MMM war iii g~uuu In al. In view ot
the Intimations ot a specific Interaction of the fluorescent coumarin state

with solvent ( particularly the importance of hydrogen bonding), a series

of ezperiLments employing aimed media was carried out. An effort to discov-

er anomalous or dal emission associated either with specflally or

djtmerentalyl solvated exated species or in tact a second emission to be

assoolated with a TICT excited species has already been reported.' (Gener-

ally, an excellent fit of single exponantial decay curves to experimental

data ver 2-3 decades o photon counting was observed and lifetime measure-

mea& utilising liht filters at the "blue edge va "red edge" of emission

suggested a single fluorescing species within rather strict limits of

detetio.)

Addition of water to organic solvents was ot special interest. For

oca ain a a general further broadening of the fluorescence band with no

tlchange in band shape (f - 509 - $34 m) and a regular reduc-

tion in fluorescence yield (Or - 0.090 - 0.023) were observed on changing

the composition (0 - 901,. 10 Increments) of water-ethanol solvent six-

twes. Somewhat more drmtic was the addition of water to aetonitrile

solutions o and I resulting again in a regular red shift of absorption

.o .... : - /< <<- - . . ... < .,...,. . . .,.- .-.. -- ..
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and changes in emission properties (Table 5). Shown also is the result of

addition of D.O in parallel experiments with i and I.

Sinoe acid-bae reactions have been identified with some counarins

(the 7- hydromxommarins - the mbelliferone series" - but also including

some minocomarins 1- 9), changes in pH within a moderate range were inves-

tigated. For J which fluoresces rather well in water (at its solubility

Limit of oas. 0.001 aE, Table 1), changes in absorption or mission maxima

or in emission yield for aqueous solutions at pH 4.0, 7.0, and 10.0 were

not detected.

Zlmb gbg iua uWUrm L Trlet .soanaJm. To investigate the

role of Intersystem crossing in non-radiative deactivation, several dyes

were subjected to flash irradiation using conventional equipment (xenon

flash lep, flash duration, 35 ps lyfM). Weak transient signals were

observed for L in argor-purged aoetontrile, 85% aoetontrile /water or

oyclobexane with an absorption profile (I - 600-625 n) similar to spec-

tra which have been reported for L in ethanol"o or in mixed SPA solvent."

The decay of transients from 1 was found to be first-order and consistent

with a triplet lifetime of 120 - 180 go in aoetonitrile. A similar weak

transient signal which decayed in the millisecond time scale was also

observed for J1 in aoetonitrile. On the other hand, transient absorption

could not be detooted for 2 or I under ai ar oonditions where purging of

oqeon from the flash call was extensive.

Attempts were made to measure intersystem crossing yields using the

triplet counting toohnique."e Olo analysis was performed on oounarin dye

slution oontaining 1,3-cyclohbeadiene, a relatively low energ triplet

_ _--..
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counter which is Imown to undergo diwization in the presence of a triplet

sensitizer. The oou.arins with diem were irradiated in parallel with

bemsophenone solutions also containing triplet counter. The results for

two solvents are shown in Table 6. The apparent failure of two dyes to

produce triplets In a polar medium and only modestly in oyclohezane is not

readily ascribed to an energy deficiency on the part of the coumarin tri-

plets. Although their triplet energies are not precisely known

(phosphorescence is not detected in low temperature glasses), indications

of triplet location (ca. 50-55 koal/mol) are found in the energy transfer

data for the kmetoooumarinam having similar structures but for which inter-

system crossing efficiencies are generally hlh.40 At least moderate

efficiency In thermoneutral or slightly endothermic energy transfer to

roheabmad en (I t . est. = 53 koal/mol"o) at high concentrations of

quenober Is expected.

omewbat different behavior was observed for 1 dissolved in pure

water. Fleh irradiation or an aqueous saturated solution (ca. 0.01 zI)

resulted In another weak transient now extending through much of the visLi-

ble with a broad mazi.. which appeared to be shifted to ca. 700 n. This

observation, consistent with formation of the solvated electron' 1 via pho-

toejeotion from excited oou.arin from either Its singlet or triplet

state, 4 2 was not repeated on similar flash photolysis of I in water.

Discussion

- . '.
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The alteration of the photophysio of coumarin"4 4 by substitution of an

amine group in the 7-position is readily understood in terms of replacement

of the conventional low-lying nr* and x,x* states with an intramolecular

oharge-transfer excited state (ICT) which involves promotion of an electron

from an orbital which is significantly weighted at the mine moiety (in

[asha's terminology, an 1 a -- * transition4 8). The enhancement of flu-

oresoenoe at the expense of intersystem crossing with this substitution,

and the additioual effects of solvent are reminiscent of the trends

observed for other coumarins substituted with donor groups including the

furocoumarins,"' and 4,48-N, N-dime thylaminobenzophenone (Michler 's

keton) .4,

The principal interest here in the aminoooumarins involves the precise

Identification of oombinations, of substituent pattern and solvent which

conspire to inhibit luminescence. The main structural features are (1) the

previously noted1 'f anualation at the amine moiety which results in inhi-

bited rotation (i.e., the undiminished fluorescence of 1° j, and 1, vs.

the comparable I and 1); (2) the role of an electron withdrawing group at

position-4 which results in the most dramatic response to changes in sol-

vent polarity for' dyes displaying the unencumbered amine function (Q vs 1);

(3) for the "free rotor" dyes, a dependence on nitrogen substituents (for

I,, non-radiative decay rates follow the trend, R - ethyl ) R - mothyl > R

- hydrogen); (4) a diminished tendency toward non-radiative decay for NH2 -

(j) and Ni-subsituted dyes with additional ortho ring substituents (i.e.,

10 and 1; and (5) a similar sustained fluorescence in polar solvents for

otherwise susceptible dye structures displaying a delocalizing substituent

at position-3 (benthiaole, 1, or benzimidazole, , groups).
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Where fluorescence yield and lifetime are both available, the solvent

effect can be resolved in terms of influences on radiative and non- radia-

tive decay constants (Table 3). Although a regular change in the

fluoresenee rate constant (ca. two-fold reduction in kf in the most polar

solvents) accounts for part of the alteration in fluorescence yield, 4 the

stronger influence involves kdo the non- radiative decay parameter which is

increased by as much as two orders of magnitude in polar media.

The observed solvent influenoes might have been related to several

established phenomena contributing to non-radiative deactivation. Addition

of polar solvents (especially hydrogen-bonding solvents) might lead to dis-

crete, stoichicnetrio excited complexes which display low emission

yields."* However, discontinuous spectral shifts and sizeable solvent iso-

tope effects have been frequently observed for solvent exciplexes, e in

contrast to our findings. The results also argue against a major role for

electron photoejeotion from excited coumarin singlets, despite the fact

that the solvated electron may be a product of irradiation of I in water

(Vide supra).4' The oxidation potentials measured for ), 2, and I (E1 /2 -

1.09, 1.20, and 0.72 V vs SCE, acetontrile") should reveal a tendency for

dye photoionization° but the trend is apparently ignored since the lifetime

of I is most influenced by polar solvent and fluorescence remains robust

for I in water.4
II

Solvent effects on the yield of intersystem crossing for related

structures are known.' 4 However, for the present series an increase in tri-

plet yield which would be associated with enhanced non-radiative decay in

more polar media could not be confirmed by flash detection of triplets or
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conventional triplet counting. Likewise, neither singlet self quenching,

which leads to measureable reduction in fluorescence yield only at very

high concentrations of dye (e.g., 0.01 H), nor ainglet photochemistry which

remains inefficient ( - 10-3 ) in polar solvents,"* can account for the

trends in non-radiative decay. Aoid-base reaction which could be important

in protio media appears excluded due to the absence of a pH dependence of

fluorescence over a significant range. The latter has been confirmed in a

recent study of I which revealed proton transfer only in rather acidic

media (pH < 2.0).s

For the cases in which non-radiative decay is most robust (I and j),

the previously proposed' z* ICT-TICT deactivation remains most attractive.

The importance of this decay path is expected for polar media where Charges

in the fully developed zwitterion can be stabilized. The additional struc-

tural clues include the absence of the torsional decay route for rigid

structures, I - 1, the substituent influence on developing positive (depen-

dence on NIR for 1, ° and 1) and negative (substitution in the lactone

ring. L vs 2) charge." The restoration of fluorescence for I and 2 in

polar glasses is also consistent with the elimination of a rotatory decay

mode.

The role of solvent motion in assisting non-radiative decay of excited

states via a rotatory path or involving the evolution of polar (CT) excited

species has received much recent attention. The exertion of a hydrodynamic

drag or friction by solvent against a rotatory decay mode has been proposed

as the primary influence on knd in a number of cases in which correlations

of knd with bulk solvent viscosity could be made.' 6 '1 " The necessity of
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solvent notion to stabilize charge through dielectric relaxation has also

been considered a feature controlling the rate of non-radiative decay."

In the oases of I and 2 and their relatives. several observations sug-

gest that these influences taken alone do not provide an adequate model for

the observed solvent effects. Although viscosity can control decay of the

ooumarins in certain instances (inhibition in glassy matrices), further

correlation Is not found in the temperature dependence data. Thus, the

barrier to decay for 2 in acetonitrile is 2.5 kcal/mol, compared to the

activation energy of viscocity for acetonitrile of 1.8 koal/mol (from a

plot of ln (1//)vs lIT). On the other hand, the temperature dependence of

knd for 1 in glycerol provides 1 a - 4.9 koal/mol, a value far less than the

1 value for glycerol (16.2 koal/mol). Additionally, the decay rates for 2,

.J, and 2 show an inverse dependence on the size of the amine rotor (faster

decay for the larger rotor). In terms of solvent orientation polarization,

values for dielectric relaxation times are considerably shorter (generally

less than 0.5 ns for electronic polarization of low viscosity solvents at

room temperature ") compared to the observed non-radiative decay times

(1/knd - > 0.5 ns) for the ooumarins.

We prefer a mechanism in which viscosity is a contributor to the bar-

rier for rotatory decay of the type, ICT - TICT , but is not the dominant

feature. We note particularly the rough correlation of the Stokes' shift

of fluorescence (Va - )f) with the non-radiative decay rate. Thus, for 2,

1, and J(J), values for the shift in polar solvents range around 5.0, 4.0,

and 2.0-3.5 k, respectively. This trend parallels a reduction in rate of

non-radiative decay for dyes with uninhibited rotors in solvents of similar

. . ° ° . • . " . * ° "° -. -° - -o . o •-. , ". . . • ' - - .. . -. + . . " , - .°
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polarity and viscosity (compare, for example, data in Tables 1-3 for 50%

ethanol solvent). We conclude that an important solvent influence for the

ocumarins centers around a narrowing of the energy gap between the missive

(planar ICT) excited state and the ground state.

:o
Application of the energy gap law to rationalize trends for radiation-

less transitions is well documented including recent examples involving

organic fluorescent dyes 4 and transition metal complexes" . Indeed, the

ef tct of solvent on knd or the coumarins which M rest rcted L

rotatory decav appears to involve a modest "gap law" influence (note data

for 4, Table 3). For ICT-TICT rotatory decay, on the other hand, special

features may be in force as illustrated using the Figure. The figure of

merit is not the absolute value of the energy gap between So and 31 (2L 8,

4 and j have similar excitation energies, goo), but the extent to which sol-

vent is called upon to stabilize an excited state dipole moment. Again

camparing free rotor dyes, we note substantial differences in the nature of

_ the electronic transition producing the missive state ( larger Stokes'

shift but much smaller extinction coefficients for 1 and 2 compared to I

-' and 1). The greater CT character for I and 2 is associated with substan-

tial alteration of electron densities and bond orders" with localization

of excitation at various sites within the dye structure. For dyes exhibit-

Ing fast decay (especially 2), localization at the amine function activates

a rotor which insures that excited molecules travel to a favorable geometry

for non-radiatlve decay to the ground state.

The consequences on reactivity (in general, radiationless decay) of

the distribution of electronic excitation energy in organic molecules has

41.;

, " " " " • -,- " ' " . . . . ' . " . .'--: ' .,- i . -.



been most extensively discussed by Zimmerman." One protocol involves the

estimation of changes in bond order following excitation (the construction

of a OW matrix from M coefficients), and the inspection of pathways

which tend to reverse these bond order alterations (molecular distortions

which reduce local excitations and convert electronic energy into vibra-

tional energy).'* In the present case, inspection of NO's available from

calculations involving ICT systems * shows that an increase in N-C

(7-position) bond order results from excitation (the allowed transition

according to PPP-SCF-CI calculation ° ) . It appears that excitation ini-

tially creates a barrier for rotational deactivation. However, this

rotatory path Is facilitated by abarge-stabilizing substituent groups, by

polar solvent, and by a restoration of same of the delocalization energ

lost In developing a quinonoid structure (ICT) (the disappearance of local

excitations involving enlarged -C 7 and C4 -C bond orders on rotation to

TICT). A diminution in the energy gap between ground and excited states Is

required during rotation, since the X-C pi bond order is initially enhanced

at the ICT geometry but reduced to zero P - 0 with the ideal 0°0 twist)

for the TICT structure. This rationle provides insight to the empirical

mliu overlap rul*e"h which predicts the likelihood of intruoleoular

charge transfer between donor and acceptor moieties (and ICT-TICT behavior)

for systms which have fixed twisted geometries or are capable of rotation.

The substituent and solvent effects noted here are therefore inter-

preted In terms of charge stabilizing influences which tend to diminish the

barrier for torsional motion which Is the most favorable distortion for

bringing ground and excited surfaces into proximity.SS The Stokes shift of

fluorescence Is an Indicator of stabilization of partial charge in ICT but.

I
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mever, a signature of the substituent and solvent influences on the

fully charge separated TICT Intermediate and the transition state leading

to It (Fiore). The decidedly different character of the transition for

unconstrained but not freely rotating dyes (8 and 2) (smaller Stokes shift.

vide mpra) sgnals the absence of local excitation which is favorable to

rotatory decay (i.e., the IC? structure is no longer appropriate and amine

group rotation, albeit permitted, does not lead to excited state bond order

alteration and energy surface proximity"").

In sj~ay, the mechanim of radiationlesa decay proposed for coumarin

laser dyes, i°1 s restricted to those structures displaying an amine moiety

(7-position) which is free to rotate and is alkylatod for stabilization of

Incipient charge In a TIC? intermediate (I and 2 but not j., 1, J&, and

1!). ICT-TIC rotational deactlLvatLon is also inhibited QL and 1) when

the low energ transition does not Involve an intramlecular transfer of

clrgp (from the amine function)" which is Indicated by a large and sol-

vent sensitive Stokes shift of fluorescence. Very polar solvents are

required for robust rotatory decay with protic media (especially water)

playing a special role, presumeably due to favorable Interaction with TICT

as recently reported" for the MW systen

tension of the present discussion to Include other types of fluore-

cent dy e and to the operation of dyes under lasing conditions is indicated

In several reports. Deeage originally documented effects of rotatory

deactivation for rhodamine dyea and Snare, et. al.. have discussed the

solvent effects on rhodamine B fluorescence in terms of both an energy gap

dependence and rotatory decay." In addition, use of protic solvents

N MI
"°
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appears to boost the gain of dye lasers" (large Stokes shift, but where

rotatory decay is not enhanoed), and a tesperature dependence of deactiva-

tion can be exploited to Improve peak lasing power as recently demonstrated

fcr I and other Ofre rotor dyes."8

lzperimental Section

5teztala. Coumarin I was prepared and purified according to a pub-

lished procedure." Coumrin I was a gift from Dr. R. L. Atkins." The

other eoumarins, 1 - , were comerlally available laser grade materials

obtained from 3astman Kodak Co. or E oton Chemical Co. and were used in

most oases as received following tic analysis for Impurities (sillca, ethyl

astate I hezans). Spectroquality organic solvents (KCB glass distilled)

were used along with reagent grade glycerol and triply distilled water.

Deuterium ozide (9.8% D) (MeD Isotopes) was used as received. Quinine

sulfate di ydrate (Aldrich) was purified by recrystallization from water.

1,S-Cyolchaadie (Aldrich) was distilled at atmospheric pressure imedi-

ately before use. Densophenono was recrystallized three time from

petrolem ether. 11N-Dimethylanilins (Aldrich) was treated with lithium

aluimum hydride and freshly distilled at reduced pressure (20 sm) prior to

e am u.M XLula. bIssion spectra were recorded on a Per-

kinn-Ulmer bWY-44A fluorescence speotrophotometer equipped with a

,. "- . . . .- .'- . . -.. -.
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differential speotrum correction unit. Spectra were recorded at room tes-

perature for air-saturated saples, and integrated intensities were

obtained by cut-out-and-weigh. Relative integrated intensities were cost-

pared vs. the fluorescence standard, quinine sulfate, whose quantum

efficiency was assumed to be 0.55 (1.0 N H2304 ).* Fluorescence quantum

yields were calculated using a quadratic correction for refractive index of

the solvent and a correction for per cent light absorbed by the samples.

For these measurements dilute samples (ca. 16-' M. maximum 0. D. ( 0.2)

were employed with excitation at or near the absorption maximum determined

using a Perkin-Elmer Model 552 spectrophotameter. To correct for oxygen

quenching of fluorescence," ' *s mples were purged with argon until no

further Increase in fluorescence intensity could be observed. The ratio of

maximum intensities for purged vs undegassed samples (Table 7) was used to

calculate fluorescence yields for air-free solutions (Table 1). Notably,

rate constants calculated for oxygen quenching approximated the diffusion

limited values (Table 7).

fluorsence spectra at low temperatures were obtained using the flu-

oeimeter oryostat accessory Ath the insertion of a 4 m quartz ample tube

(undeassed SO:SO ethanol-methanol solvent) into the specially equipped tip

of a Dewar flask filled with liquid nitrogen. The solvent mixture used

provided a clear, uniform glass at low temperature. The variable tempera-

ture fluorescence measurements were carried out using the theraostatted

fluor meter smple holder and an external water circulator. Corrected flu-

oresoence intensities were recorded as relative quantum yields as a

function of temperature and converted to absolute fluorescence efficiencies

(Table 4) based on the values obtained at 20-21! C vs quinine sulfate.

V................................... . ....................- -.....
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I~iIElma i hission lifeties for argon purged samples

of -. a and I were available fram single photon counting measurments

as described previously. ' Lifetimes for I - 11 were determined using a

fluoresoence quenching technique. I. -dimethylanilime (DKA) was used to

quench emission trom ell the dyes in air saturated solutions. Using the

Stern-Volmer relation, Io/I - 1 + kq:cQl and the known lifetime for ., 1,

1, and I corrected for oxygen quenching (Table 7), average values for kq

were determined: 1.0 ± 0. x 10" and 0.77 ± 0.4 x 100 k-* s7'. respec-

tively, for acetonitrile and SM ethanol-water. The narrow range of rate

constants for quenching by DU allowed use of these average values for kq

for 1 - U1, assmming a consistent diffusion limited rate. The Stern-Volmer

constants for the series were kqv - 31.5, 27.7, 35.1, and 76.7, respective-

ly, and the calculated lifetimes are given in Table 2.

Rma& au . Quantum yields of intersystem crossing were

estimated using the triplet counting technique." The reference systm was

the dimerization of 1.3-cylAohexadlene using bensophenon as triplet sensl-

tizer.8 ' Diene dimers were obtained by preparative photolysis and

identified by Cr analysis a previously reported." S-ples of 0.01 M ben-

sophenone or ooumarin dye with 0.1 N cyclohexadene were placed in 18 x 150

-m Pyrex tubes and after purging by argon for 15 min were irradiated in

parallel using apparatus and procedures previously described." e The

merry-l-round assmbly was placed In a filter solution containing 50 g/l

Si304  and 0.2 g/l 2,7-dimethyl-3,6-diazayoAecepta-2,6-diene peroblorate

which provided a bandpass of 340-370 m for the Rayonet chamber reactor

SSOOA lamps. Cyolohezadiene diners were analyzed on a Varian Model 3700

ga ehramatograpi equipped with an HP 3390A integrator and a 50 ft z 0.25
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- ICOT colun (O-17 liquid phase) operated at 120 using pentadecane as an

internal standard. The quenching of ooumarin singlets (fluorescence) by

oyolcbediene (0.1 N) was not observed.

Flah abasgia. Flash photolysis apparatus which consisted of a Xe

flash Imp with &a. 35 pA duration ( wha) has been described previously.'"

Argon-purged solutions of 1o-s N dye and a 22 an Pyrex c ll were employed.

Photographs of oscilloscope traces were obtained to record % transmission

values which were converted to transient absorbance. For comparison of the

relative yield of transients, absorbanoe values were recorded at their max-

imm at the shortest practical times following imp discharge (usually 100

ps following flash).
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Table 1. Absorption and emission maxima and fluorescence quantum yields
and lifetimes for selected coumarin dyes&.

Solvent Xa Xf Of V fb

1 cyclohexane 350 395 0.49 2.8

ethyl acetate 361 416 0.99 3.1

acetonitrile 367 430 1.03 3.4

ethanol 373 451 0.73 3.1

50% ethanol 381 454 0.30 1.4

20% ethanol 382 456 0.11 0.70

water 380 456 0.055

glycerol 384 463 0.58 3.8

cyclohezane 376 433 1.04 4.1

ethyl acetate 392 479 1.09 4.6

acetonitrile 396 501 0.091 0.60

ethanol 400 509 0.090 0.85

50% ethanol 412 523 0.032 0.45

water 406 528 0.011

glycerol 413 524 0.18 2.7

. cyclohexane 361 407 1.05 2 .6c

acetonitrile 380 450 0.91 3.3

ethanol 387 473 0.95 4.5

50% ethanol 396 477 1.02

water 396 489 0.66 5 .9e

.5e
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4 cyclohexane 393 455 0.90 4.3

ethyl acetate 409 501 0.93 5.4

acetonitrile 418 521 0.56 5.6

ethanol 421 531 0.38 3.4

50% ethanol 425 542 0.38 4.7

water 430 549 0.12

glycerol 434 546 0.22 3.5

cyclohexane 382 439 0.98 4.2

acetonitrile 405 510 0.87 5.6

ethanol 408 515 0.80 5.1

501b ethanol 421 528 0.55 4.5

glycerol 420 530 0.30

A 6 aoetoitrile 365 465 0.92 5.2

501b ethanol 380 490 0.88 5.3

7. dioxane 384 470 0.94

acetonitrile 393 500 0.28

ethanol 396 520 0.21

501b ethanol 409 530 0.11

alavelenSths in m v values in ns; argon purged samples, room

temprature.
ram photon oounting measurements (ref. 6 except where noted).

%.f. 32 and 33dDE solvent, ref. 32

*Raf. 33

I

. . . . . .. . .. . . . . . . . . . . . . .. . , .., . . . , ., , , .. .,,. .4 4, . . . . .. . . ,.
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Table 2. Photophysical data for selected coumsarin dyes in polar media' -

Solvent ) f Of

£ cyolohexano 437 475 0.60

aeetoitrile 454 501 0.63 3.2

50% ethanol 469 508 0.59 3.3

acetonitrile 403 480 0.67 2.8

50% ethanol 419 485 0.35 2.3

acetonitrile 354 420 0.80 3.5

50% ethanol 367 441 0.90 4.0

cyolohezam. 368 420 0.65

acetouitrile 383 481 0.58 7.7

50% ethanol 403 498 0.50 4.4

aAir-saturated samples at roam temperature.

.9°

.4
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Table 3. Rate constants for radiative and non-radiative decay as a
funaction of solventa.

Solvent kf knd

1 cyclohezane 1.8 1.8

ethyl acetate 3.2 0.03

acetoaitrile 3.0 (0.1

ethanol 2.3 0.87

50% ethanol 2.1 5.0

20% ethanol 1.6 13.

8lycerol 1.5 1.1

2 cyclohezan. 2.5 (0.1

ethyl acetate 2.4 (0.1

aetonltrile 1.5 15.

ethanol 1.1 11.

50% ethanol 0.71 22.

Slycerol 0.67 3.0

cyclohezane 2.1 0.23

ethyl acetate 1.7 0.13

acetoaitrile 1.0 0.79

ethanol 1.1 1.8

50% ethanol 0.81 1.3

lyoerol 0.63 2.2
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1"1

pas,8 30"'

c. c01 koxsso 2.3 0.05

see tositz U 1.5 0.23

othasol 1.6 0.39

5S ethanol 1.2 1.0

asotoultrlle 1.8 0.15

501 ethanol 1.7 0.23

. aseoitilo 2.0 1.2

S0 eth aol 1.8 1.2

. ao taltrilo 2.4 1.2

S ethanol 1.5 2.8

-10. aotm ilo 2.3 0.57

501 ethanol 2.2 0.25

11 aootositrilo 0.75 0.55

501 ethanol 1.1 1.1

ato ostasts is 10, s-7

a.
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Table 4. Temperature dependence of photophysical parameters for I and ZS.

T(C) Ocft(a s ) kf knd

b 20 0.56 3.8 1.5 1.2

40 0.41 3.1 1.3 1.9

60 0.33 2.1 1.5 3.1

80 0.23 1.5 1.5 5.0

4 0.12 12.

21 0.090 17.

33 0.073 21.

48 0.065 23.

58 0.057 26.

bRate ooataats i 10 -

SGlycerol solvent

OAcotoatrile solvent; kd values osloulated assuaing kf = 1.5 x 108 s- '
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Table S. latersystem crossing quantum yields for coumarin dyes.

, 0 t (C 4Nt$) (C R jOR)

- 1. 0.30 0.006

1 0.043 (0.001

0.053 (0.001

q..i . . | i i i

1
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Table 6. Conarin fluoresoene properties in aoetanitrile/water a

[wateoj] ?bfam I 1 1lX 1(m 1 10/
120 D2O IO D20

1.0 435 453 1.13 1.11 1.04 1.06

3.0 441 459 1.40 1.41 1.09 1.16

5.0 445 43 1.80 1.69 1.13 1.16

. 7.0 447 466 2.10 2.00 1.14 1.16

9.0 447 470 2.42 2.20 1.17 1.17

11.0 448 470 2.65 2.57 1.22 1.21

&Air aturated solution; [dye] -10-

Zol/ - ratio of fluoreanoo, intensities before and after addition of
water with oorrotion, for sample dilution.

V ; *,; L'L ,'- X _' -,_._W_-,. ' '_'. ._€ .. ' " ,:' '. '" " '"" '' " . "" , ", " •,""" - - " . ,
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Table 7. Quoeacking of oumarin dye fluoroscence by oxygen.

Solvent Io/Ia k 1010-ls- l b

1 aetonitrile 1.21 2.5

ethanol 1.07 1.1

acotonitrile - 1.00

ethanol - 1.00

ethanol 1.22 2.4

oyolohexane 1.23 1.8

cetonitrile 1.22 1.5

ethanol 1.06 0.79

8Ratio of maximum fluorescence intensities for argon purged (10) and for
air saturated (I) solutions.

bcloulatod from o/I I 1 + k T(0[J; v values from Table 1 and [0, ] taken

from tabulated data (ref. 731.

IL
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1, R=CH 3  3, R=CH3

2_ R=CF 3  4, R=CF 3

CH3
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8XS 109' R=CH 3

,X NCH 3  1,R=CF3

RR

RR

12 13
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.22 .04 .41.3 N .35 .2 - .21 0.15 0

.26 -.1 .38 .5 .47
- .18 .15

HOMO

.30

.o, .. .
a. -. 12 .22.3

4. N/9-24 0 -4

.09 -. 33 .055-2

LUMO

-.. % . .r % ,%il~ s-c -.- :--:
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JFC

FC ____ ICT

S,

b
P.E.

hi

so

00 900

angle of rotation

Figure. Potential energy surfaces for rotation at the amine function,
depicting a Franck-Condon transition (FC), relaxation involving
coordinates for solvation, and evolution of the planar emissive
intramolecular CT state (ICT, 12) to the twisted conformation (TICT,
3J . Energy relationships for the respective FC transitions, the

barrier heights for rotation and the extent of stabilization of ICT
(Stokes shift of fluorescence) and TICT are presented qualitatively
for less polar (a) and more polar (b) solvents

* -i . . •"." %.." ,% . ".,,.., ,,., ' ',,., :,, . -'., , . , .. . . . . . .. . . - ..-. ". ."- . - .. -'.
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